ABSTRACT: Alkaline phosphatase activities (APA) were estimated along salimty gradients between the mouth of the Szwina and the open Pomeranian Bight (Baltic Sea) and compared to the distribution of phytoplankton biomass (chlorophyll a, chl a), bacterial counts, and inorganic phosphate. APA and chl a showed a linear decrease along the gradents and correlated with each other. For the interaction between APA and phosphate, a threshold concentration of 1 pM phosphate was found. Below this threshold, 2 mechanisms characterize the relationship between APA and phosphate: (1) an increase in specific APA of algal cells at phosphate concentrations of <0.2 pM and (2) a linear correlation between APA and the phytoplankton biomass at phosphate concentrations of between 0.2 and 1 pM. The inverse relation between APA and phosphate was also shown in mesocosm experiments.
INTRODUCTION
Inorganic nutrients show a pronounced seasonality in the eutrophic layer of the Baltic Sea. Inorganic nutrients start to decrease in spring and reach low levels from June to August due to the development of phytoplankton. The concentrations of inorganic nutrients are frequently at the detection limit . At that time, the entire phosphate pool consists almost exclusively of organically bound phosphorus (Nehring et al. 1995) . Relatively constant values for the phytoplankton biomass and for primary production from May to August (HELCOM 1996) require a continuous supply of nutrients. Phosphate for primary production can be supplied by remineralization of organic phosphorous compounds, by release of phosphate by zooplankton (Moegenburg & Vanni 1991 , Poste1 et al. 1992 , Gulati et al. 1995 , Vadstein et al. 1995 , Hantke et al. 1996 and phagotrophic protozoa (Nagata & Kirchman 1992) , and by external input from land.
The river Oder, with an annual water outflow of about 18 km3, is the largest external source of nutrients entering the Pomeranian Bight (40000 to 80000 t N and 5000 to 8000 t P yr-'; Pastuszak et al. 1996) . I anticipated that the input of inorganic nutrients into the Pomeranian Bight stimulates the phytoplankton production in this area. However, in the growth period, the inorganic nutrients were taken up by phytoplankton that was already present in the Szczecin Lagoon. Water masses entering the Pomeranian Bight have low concentrations of inorganic nutrients , high primary production of about 1.7 g C m-2 d-' (Jost & Pollehne 1998) and, consequently, a high load of particulate organic material. The seasonality of nutrients and phytoplankton is qualitatively similar to that observed in the open Baltic Sea, but is of a higher quantitative level. Since the input of inorganic nutrients from external sources, as well as from sandy oxic sediments, is low in summer months (Frankowski & Bolalek 1997 , Kerstan & Nausch 1998 , the supply of phosphate for algal and bacterial growth must be provided by internal cycling within the pelagic zone.
Regeneration of phosphate from organic compounds is a result of hydrolytic degradation by free and cellsurface bound enzymes of phytoplankton and bacteria: alkaline phosphatase and 5'nucleotidase (Tamminen 1989 , Ammerman & Azam 1991 , Chrost 1991 . Because stimulation of alkaline phosphatase activity (APA) is more sensitive to low phosphate concentrations than is S'nucleotidase stimulation, APA was used as an indicator for phosphate limitation (Paasche & Erga 1988 , Ammerman 1991 , Chrost 1991 , Lapointe 1995 .
I investigated the role of alkaline phosphatase in the pelagic nutrient cycle of the Pomeranian Bight and related it to inorganic phosphorus in summer and autumn, taking into account mixing of riverine water with marine water. The distribution pattern of different parameters and activities along the salinity gradient were not only caused by a simple dilution. Especially in the growth season, a lot of interactions take place there which regulate the function of plankton community , Jost & Pollehne 1998 . The relationship between APA and phosphate concentrations is a n example of this interaction.
INVESTIGATION AREA AND METHODS
Before water from the river Oder enters into the Pomeranian Bight it must pass through the Szczecin Lagoon. The Szczecin Lagoon and the Pomeranian Bight are connected via the rivers Peene and Szwina (Fig. 1) . In the lagoon, river water (fresh water) is mixed with water from the bight (about 7 PSU, practical salinity units), resulting in a salinity range between 0.5 and 2 PSU. Depending on the hydrographical and hydrological cond~tions, water enters the Pomeranian Bight in a pulse-like manner and in plumes of different sizes (von Bodungen et al. 1995) , which are mixed with bight water within 2 or 3 d. We used the salinity as an indicator of different water bodies and their mixing. The distance from the mouth of the Szwina cannot be used as an indicator for dilution, because, depending on the size of the plume, wind speed and wind direction, the water masses were mixed at different time scales and at different distances and directions from the mouth of the Szwina.
Mixing processes were investigated 4 times between the autumn of 1993 and the autumn of 1995. Input events were followed in drift experiments from the mouth of the Szwina to the open bight in September/October 1993, June/July 1994 and June/July 1995 by marking the water body with a drifting buoy. Water samples were taken at depths of 1, 5-6 and 8-10 m with a rosette sampler combined with a CTD (conductivity, temperature and density) and chlorophyll fluorescence probe. In September/October 1995, sampling of surface water along a horizon- tal salinity gradient was performed near the mouth of the Peene (Fig. 1 ). Samples were processed immediately after sampling.
Inorganic phosphate was analysed using standard colorimetric methods according to Rohde & Nehring (1979) and Grasshoff et al. (1983) .
Chlorophyll a (chl a) was determined fluorometrically (exitation 450 nm, emission 670 nm) after filtration on GF/F filters and extraction in 90% acetone (UNESCO 1994) . Conversion of chl a values to phytoplankton carbon was undertaken using a carbon: chlorophyll ratio of 50 .
Water samples for bacterial counts were preserved with 0.5% formaldehyde, filtered onto 0.2 pm black Nucleopore filters, stained with a 4', 6-diaminidino-2-phenylindole (DAPI) solution (Coleman 1980 , Kepner & Pratt 1994 for 5 min and mounted in immersion oil. Cells were counted and sized with an epifluorescence microscope (Zeiss) and a semiautomatic image analysis system (Photometrics). Conversion to bacterial carbon was calculated according to Fry (1988) using a conversion factor of 308 fg pm-3.
APA were measured using the fluorescent substrate analogous 4-methylumbelliferyl-phosphate (MUFphosphate) (Hoppe 1983 , 1993 , Amnlerman 1991 , Chrost 1991 . We measured the maximum hydrolysis rates (V,,,,,) at saturation concentrations of the artificial substrates and the in situ hydrolysis rates or times at low substrate concentrations. For the estimation of V,,,, substrates were added at saturation concentrations of 250 pM. Tests showed that this concentration was reached at 100 pM MUF-phosphate. In situ hydrolysis times of natural substrates were estimated at trace amounts of 0.1 pM. Fluorescence readings were carried out using a spectrofluorometer (Hitachi, F-2000) at 364 nm exitation and 445 nm emission. Calibration was performed with standard solutions of 4-methylurnbelliferone (MUF) in the range 0.03 to 1 pM. Tests were carried out in triplicate in the dark and at in situ temperatures. Negative controls were performed using boiled surface water.
Mesocosm experiments were performed from January 18 to February 23, 1996. Polyethylene tanks were filled with 1000 1 surface water collected in front of the mouth of the Szwina (4.2 PSU) and from the Arkona Basin (7.7 PSU). The tanks were illuminated permanently with artifical light (500 W halogen lamp, Light intensity above the surface 200 pE m-2 S-'). Temperatures in the tanks ranged from 0 to 3"C, which are similar to the in situ water temperatures. Nutrient concentrations, chl a and APA were measured over a period of 36 d at intervals of 24 h for the first 8 d, and at intervals of 2 d for the remainder of the time.
RESULTS
Inorganic phosphate concentrations along the salinity gradient during the different experiments in summer and autumn are shown in Fig. 2 . Summer phosphate concentrations ranged between 0 and 0.2 pM; autumn phosphate concentrations were generally higher (0.28 to 2.66 PM). In 1993, an input event could be detected with extremely high concentrations near the mouth of the Szwina and a subsequent linear decrease was detected during the dilution processes.
Along all salinity gradients, APA decreased significantly with increasing salinity (summer data pooled from June/July 1994 and 1995: r = -0.46, n = 64, p = 0.01; autumn data pooled from September/October 1993 and 1995: r = -0.81, n = 50, p = 0.01). The APA V, , , , , was 5 to 30 times higher in summer than in autumn, but there were larger variations in summer (Fig. 3 ). Higher APA activities were measured in seasons when the phosphate level was close to the detection limit (summer), whereas lower APA were found in autumn when sufficient phosphate was present (Fig. 2) . (Fig. 6 ). At concentrations of along the salinity gradient between 2 and 8 PSU and > l pM, there was no relationship between these 2 was we11 correlated with the decrease of APA (Fig. 4) .
parameters. Therefore, we were able to define a threshold phosphate concentration of 1 pM for the regulatory function strates of APA (median value 6 h) were found. They increased to 25 h at phosphate concentrations of between 0.2 and 1 pM and to 119 h at concentrations of > l pM. At phosphate concentrations of up to 1 PM, the range at whlch regulation took place, the quotient APA/chl a (termed specific APA) was calculated. At normal autumSalinity (PSU) ~0 ,~-(PM) APA (nM h-') Phytoplankton biomass (pg C I-') Spec. phytopl. APA (nmol pg-l h-') Bacterial counts (X 10"~') Spec, bacterial APA (nmol cell-' h-') Bacterial biomass (pg C 1.' ) nal phosphate concentrations (0.28 to 2.66 PM), the specific APA values ranged between only 0.4 and 2.1 nmol pg-' chl a h-' due to the higher phosphate input. At phosphate concentrations of <0.2 pM, characteristic for the summer situation, much higher values of specific APA (4.7 to 65.5 nmol pg-I chl a h-') were calculated (Fig. 7) .
As for the drift investigations, an inverse relationship between phosphate and APA could be detected in the mesocosm experiments. The development of APA during decreasing phosphate concentrations, as a result of phytoplankton growth, was observed in outflowing lagoon water (Tank 1). The increase in APA was more related to the phytoplankton biomass than to the bacterial biomass. Fig. 8a shows the development of APA, phosphate and chl a during the experiment. In Table 1 , characteristic parameters at the beginning and end of the experiment are summarized. Intensive growth of phytoplankton led to a 33 times higher biomass and was In addition, we performed this experiment with water from the open Baltic Sea (Arkona Basin, Tank 2) which has a different nutrient backtionships are restricted to concentrations below a cerground. The same relationship between APA and tain level of phosphate; however, a threshold was not phosphate was observed, however the quantitative defined clearly. Depending on the physico-chemical level was different (Fig. 8b, The Pomeranian Bight is characterized by a prostrongly in Tank 1 than in Tank 2. The specific APA nounced seasonality in phosphate concentrations. The remained on the same level during the incubation time organic phosphorous content (particulate and dis- (Table 1) . It was higher in the outflowing lagoon water solved) shows an inverse annual course. It increases than in the water from the open Baltic Sea. from 0.3 to 0.4 pM in winter and up to 1.3 to 1.4 pM As found in drift experiments, no interaction beduring the growth season (Nehring pers. cornrn.). The tween APA and phosphate could be seen at phosphate percentage of organic phosphorus encompasses 20 to concentrations of > l pM.
24 % of total phosphorus in winter and 90 to 98 % in the growth season (May to October). In the outflowing lagoon water, the organic phosphorus is higher, up to DISCUSSION 3.8 pM. The plankton community reacts to the exhausted phosphate pool in summer, with increased Inverse relationships between APA and phosphate activity of alkaline phosphatase to tap into organic have been shown for phytoplankton communities phosphorus sources for primary and bacterial produc- (Cembella et al. 1984 , Chrost & Overbeck 1987 tion. This mechanism seems to be efficient because son et al. 1988), bacteria (Hassan & Pratt 1977, Chrdst parallel investigations have shown that phytoplankton & Overbeck 1990, Ammerman 1991), and algal culdoes not show any decrease in specific production (Jost tures (Kuenzler & Perras 1965 , Cembella et al. 1984 , & Pollehne 1998 . When phosphate concentrations are Mahasneh et al. 1990 , Hernandez et al. 1993 ). Paasche at the detection limit in summer and hydrolysis rates & Erga (1988) and Chr6st (1991) found that these relaare about 10 to 30% h-', the organic phosphorous pool will be converted within 3 to 10 h. Under hydrochemical conditions in autumn, an organic phosphorous content of about 0.9 pM, and median hydrolysis rates of about 1 % h-', the phosphorous turnover needs about 100 h. A threshold of 1 pM phosphate could be defined for the regulatory function of phosphate on APA. Two different mechanisms seem to be responsible for the interaction between APA and phosphate at concentrations of < l pM. Very low phosphate concentrations in summer (<0.2 pM) caused a stimulation of production of alkaline phosphatase enzyme in algal cells and bacterial cells leading to very high specific APA levels. At phosphate concentrations of between 0.2 and 1.0 pM, APA and chl a were linearly related and specific APA remained at the same level. In this case, which was found in autumn and in the mesocosm experiments, APA in the water column is simply a function of biomass. When APA was set in relation to bacterial numbers, the APA per bacterial cell also showed an increasing tendency towards lower phosphate concentrations. Below 0.2 pM phosphate, 0.03 + 0.02 fmol cell-' h-' (n = 39) was detected; at phosphate concentrations of >0.2 pM only 0.005 * 0.004 fmol cell-' h-' (n = 11) was estimated. At phosphate concentrations of > l pM, there was no stimulation of APA by phosphate. This situation prevailed in the autumn of 1993.
The APA in our investigations resulted from algae and bacteria; the values include soluble and cell bound APA. In field investigations it is not possible to separate algal and bacterial APA clearly. Size fractionation by filtration provides only limited information, because alkaline phosphatase will be released from algae (Chr6st 1991). The largest portion of bacterial alkaline phosphatase is cell-surface bound, but is shed easily under low stress conditions (Chrost 1991 , Martinez & Azam 1993 . Therefore, APA of both groups of organism can be found in the soluble fraction. On the other hand, in the Pomeranian Bight, between 7 and 55 % of bacterial production was particle-associated (Jost & Pollehne 1998) . Therefore, algal and bacterial APA cannot be distinguished by size fractionation. However, there are some indications that algal APA dominated the bacterial APA as follows: (1) phytoplankton accounted for up to 64 % of the particulate organic carbon (Pollehne et al. 1994) ; (2) in the salinity gradient, APA correlated well with chl a but not with bacterial numbers or biomass -this is in contrast to glucosidase and peptidase activities, which correlated well with bacterial counts ; (3) phytoplankton biomass was higher than the bacterial biomass by a factor of 3 to 6. The lower factors were found in the outflowing lagoon water and the higher ones after dilution in the open bight.
The mesocosm experiments support our results from the drift experiments. The increase in APA can be attributed more to phytoplankton biomass than to bacteria. In contrast to drift experiments, the specific phytoplankton APA remained at the same level, which can be related to different initial nutrient conditions. In the mesocosm experiments we started from a high nutrient level (winter situation). In sunlmer, as in the drift experiments, inorganic phosphate concentrations remained low over a long period (months). Therefore, phytoplankton may be more sensitive to phosphate deficiency in summer and may react with stimulation of alkaline phosphatase synthesis. The experiment with Arkona Basin water demonstrates that the interaction between APA and phosphate also functions under different hydrographical and biological conditions. Depending on the community composition and its adaption to the hydrographical conditions, the reactions have different quantitative levels. In the outflowing lagoon water (Tank l), the limnic species Diatoma elongatum and Skeletonema subsalsum developed, whereas in the Arkona Basin water Skeletonema costatum, an indicator for higher salinity, occurred (Wasmund et al. 1998) .
A shift from limnic species in the outflowing lagoon water to braclush water species after mixing with water from the open bight was also observed during the drift experiments , Jost & Pollehne 1998 ). The decrease of APA along the salinity gradient may be influenced by the decrease of phytoplankton biomass rather than by the species composition. The specific phytoplankton APA is not different in the outflowing lagoon water and after dilution. The specific APA is mainly influenced by the phosphate concentration. 
